Distribution and possible radiological hazards of natural radionuclides in the rock and soil samples from a region in Northern Iran were investigated. Rock and soil samples were analyzed to quantify radionuclide variations on the basis of mineralogical composition and physicochemical properties, respectively. The highest activity concentrations and radiological hazard indices were related to Arud granitic body and Ramsar's soil.
Introduction
Due to existence of a large number of sources, human populations are exposed to a wide range of radiation in their environment. The decay chain products of 232 Th, 235 U, 238 U, and 40 K account for the main portion of the dose made by natural sources [1] . The abundance of naturally occurring radionuclides in soil depends on the distribution of the rocks from which they originated and the processes resulting in their geochemical migration from rock to soil. Hence, the natural environmental radioactivity varies extensively from one site to another based on the physicochemical characteristics of geological setting [2] [3] [4] . There are several areas with high-level natural radiation (HLNRAs) in the world due to the presence of abnormal concentrations of radionuclides in their rock, soil, coastal sand and spring water. The highest known levels were found in Ramsar, Iran with 260 mSv y −1 [5] . Previous studies have reported that high background radiation in Ramsar city is due to the high concentration of 226 Ra and its decay products in this area, which precipitate on the surface as thermal spring's sediment [6] . However, no study had been conducted to investigate the distribution of natural radionuclides in surrounding geological formations and previous studies were just limited to urban and agricultural soils of Ramsar city [7] [8] [9] [10] . Hence, we have extended this study to cover the most possible variety of geological formations existing in the study area by sampling rock and soil. The main objectives of the present study are: (1) to determine the concentrations of natural radionuclides ( 226 Ra, 232 Th, and 40 K) in different types of rock and soil samples; (2) to quantify radionuclides variations due to mineralogical composition of rock samples and physicochemical properties of soil samples; (3) to assess the possible radiological health hazards and to compare the results with recommended limits of UNSCEAR data.
Materials and methods

Study area
The study area is located Northern Iran between N36°59′ to N36°21′ and E50°30′ to E51°12′. The area covers parts of
Sample collection and preparation
In order to obtain a representative coverage of most geological formations a total of 11 rock and 18 soil samples were collected (Fig. 1) . The rock samples were collected from the three already mentioned granitic intrusive bodies including Arud (R1, 2, 3, and 4), Noosha (R5, 6, and 7) and Akapol (R8, 9, 10, and 11) while the soil samples were collected from four districts including Chaboksar (S1 and S2), Ramsar (S3, 4, 5, 6, 7, 8, 9, 10, and 11), Tonekabon (S12, 13, 14, and 15) and Kelardasht (S16, 17, and 18). In this study, 6 soil samples (i.e., S3, 4, 5, 6, 7, 8) were collected from Ramsar city, which is well-known for its highest level of radiation (Table S1 and S2). Approximately 2-3 kg of rock was sampled from the fresh outcrops of intrusive bodies in Fig. 1 Spatial distribution of the rock and soil sampling stations and general geological units in the study area. Modified from the 1:100,000 Shakran [12] Ramsar [13] , Marzan-Abad [14] , Chalus [15] geological maps of Iran each station. The collected rock samples were crushed, pulverized and homogenized by passing through a 500 μm mesh sieve [17] [18] [19] . In addition, for soil sampling, 5 subsamples (5-20 cm) from an approximately 5 × 5 m area of each station were collected. Subsamples were mixed to provide a composite representative sample of 3 kg, for each station [20] . The soil samples were air-dried and sieved using a 2 mm mesh sieve to remove foreign particles such as rock fragments and plant residues [21] . The meshed samples were powdered and sieved using a 500 μm mesh size again [17, 22] . All rock and soil samples were weighed and transferred into separate 1-L Marinelli beakers, which were sealed tightly with polyvinyl chloride insulation tape and epoxy resin to prevent 222 Rn escape. Marinelli beakers were stored and kept undisturbed for 28 days to attain radioactive secular equilibrium between 226 Ra and its progenies [23] .
Measurements of activity concentration
The activity concentrations of 226 Ra, 232 Th, and 40 K in the rock and soil samples were measured using high-resolution gamma ray spectroscopy technique with a p-type coaxial high-purity germanium detector with a relative efficiency of 40% and resolution of 1.90 keV for the 1332.5 keV gamma ray emission of Co-60 at Shiraz University Radiation Research Center. The calibrations of energy were performed using calibration point sources ( 241 Am, 133 Ba and 60 Co). Precision and accuracy of the measurements were checked by measuring the following International Atomic Energy Agency (IAEA) reference materials (RGTh and RGK). Different components of uncertainty including the uncertainty of activity of standard sources, photon emission probability, full-energy peak efficiency, counting statistics, peak-area measurement, background peak area variations, and detector dead time were obtained separately and finally, the combined uncertainty was obtained [24, 25] . The full energy peak efficiency of the detector was obtained by counting the standard reference materials (RGTh and RGK) inserted inside the containers with the same geometry as our samples using the following equation [26] ; where ɛ is the efficiency at a specific energy, R is the net count rate in that energy, A is the activity of each particular radionuclide in the sample in Bq, m is the mass of sample (kg) and Pγ is the probability of photon emission in each energy [26] .
To determine the background radiation, an empty Marinelli beaker was counted for 72 h. The background was subtracted from the peak area of measured samples. The activity of 40 K was determined by its emission energy of 1460.7 keV. 226 Ra was determined based on the gamma ray 
Mineralogical composition of the rock samples
Mineralogical composition of the rock samples was determined using X-ray diffraction analysis (XRD). All rock samples were powdered and analyzed by a Bruker D8 ADVANCE Diffractometer at the Physics department of Shiraz University. The system generated Cu-Kα X-rays at an accelerating potential of 40 kV and current of 30 mA. The 2θ scan range was from 5° to 70°, with a step size of 0.02 and a counting time of 1 s. The phase identification was performed using the EVA Software supported by the Powder Diffraction File (PDF-2) database of the International Centre for Diffraction Data (ICDD). In addition, the semi-quantitative XRD was done with PROFEX software V. (3.11.1) [29] and Rietveld refinement kernel BGMN V. (4.2.22) [30] .
To evaluate the reliability of the semi-quantitative results from XRD data, the goodness-of-fit (GOF) factors (X 2 ) were monitored. This method can be used to quantify minerals whose weight percentages are above 0.05%. In this study, the main mineral constituents including quartz (Qtz), plagioclase (Plg), potassium feldspar (Kf), biotite (Bio), muscovite (Mus), carbonate (Carb) and amphibole (Amph) were detected in most rock samples. Furthermore, R1 and R2 rock samples were studied by polarizing microscope (PM, Olympus, Ramsey, NJ, USA) to identify accessory or heavy minerals solid inclusions.
Physicochemical properties of the soil samples
Physicochemical properties of the soil samples were analyzed using the smaller than 2 mm fraction. Textural characteristics were determined by hydrometer method [31] and classified according to USDA classification system. Electrical conductivity (EC) and pH were measured in a homogeneous suspension of soil with distilled water (1:2.5) using pH/EC meter (Cybershot PCD 6500 pH/EC meter, Eutech) [32] . The content of organic matter (OM) and calcium carbonate (CaCO 3 ) were determined using loss on ignition method [33] . Moreover, cation exchange capacity (CEC) was measured by ammonium acetate-sodium acetate method [32] .
Statistical and mapping methods
Statistical analysis and mathematical calculations were conducted using IBM-SPSS Statistics V. (21) . Non-detected (ND) values were assumed to be equal to 75% of the detection limit. The normality distribution of data was checked with the Kolmogorov-Smirnov and Shapiro-Wilk tests. The degree of association existing between the measured radionuclides and mineralogical composition of the rock samples and physicochemical properties of the soil samples were evaluated by Spearman's correlation [7] . The geological and spatial variation maps were also developed using Arc Map V. (10.3).
Evaluation of radiological hazard indices
Radiological implications of radionuclides due to external gamma ray exposure and internal alpha irradiation can be assessed using radium equivalent activity (Ra eq ), external and internal hazard index (H ex and H in ), outdoor and indoor 
Radium equivalent activity (Ra eq )
The main part of the terrestrial gamma radiation comes from 226 Ra, 232 Th and 40 K. Radium equivalent activity gives a single index which expresses the gamma yield from diverse mixture of these radionuclides a sample. It was calculated using the following equation [34] ; Maximum value of Ra eq in a sample must be less than 370 Bq kg −1 to make sure of its safe limit of radiation [34] .
External and internal hazard index (H ex and H in )
External and internal hazard index (H ex and H in ) were used to assess hazard of emitted gamma rays of the samples. The external exposure is caused by direct gamma radiation whereas internal exposure is caused by the inhalation of radon and its short-lived decay products [35] . H ex and H in were quantified using the following equations [34] ;
The values of H ex and H in must be less than unity (< 1) for the radiation hazard to be negligible [36] .
Outdoor and indoor absorbed gamma dose rate (D out and D in )
Outdoor (D out ) and indoor (D in ) absorbed gamma dose rate can be estimated 1 m above the ground surface from the concentration of radionuclides in the samples. D out and D in were computed using the following equations [36, 37] ;
Annual indoor and outdoor effective dose equivalents (AEDE)
The annual effective dose equivalent (AEDE) is the annual dose received by people indoors and outdoors, which is estimated employing a conversion factor of 0.7 Sv Gy −1
. Commonly, adults spend about 80% of their time indoors, while the remaining 20% time is spent outdoors. Therefore, the indoor and outdoor occupancy factors were given as 0.8 and 0.2, respectively. The outdoor and indoor annual effective doses (AEDE out and AEDE in ) were calculated using the following equations [36, 38] ;
Excess lifetime cancer risk (ELCR)
According to obtained values of AEDE, excess lifetime cancer risks (ELCR) were calculated using the following equations [39] ;
where DL is life expectancy (70 years) and RF (1/Sv) is a fatal risk factor per Sievert which is equal to 0.057 [39] .
Results and discussion Table S1 , the average concentrations of radionuclides in Arud were higher than in Noosha and Akapol rock samples. The highest concentrations of 226 Ra, 232 Th, and 40 K were manifested in Arud samples including R1, R1, and R3, respectively. But, the lowest value was detected in S5 sample which was collected from Noosha (Fig. 2) [5, 37, 43] (Fig. 3 and Table S4 ). The frequency percentages of these minerals in the studied rock samples ranged from ND to 30% with a median of 12% for Kf and ND to 10% with a median of 5% for Bio (Table S4) . Moreover, the 226 
Rock samples
Radionuclides in rock samples
Ra/ 232
Th ratio is higher than the world's average (0.711) ( Table 1 ). This suggests the presence of higher U-bearing than Th-bearing accessory minerals in rock samples [44, 45] . Zircon, tourmaline and apatite in R1 sample (Fig. 3a, b) , and zircon and monazite in R3 sample (Fig. 3c, d ) were recognized by polarizing microscope. The concentrations of U in these samples were 6.9 and 4.9 mg kg −1 , respectively. The U value in R1 is higher than the average concentration of U in granitic rocks (5 mg kg −1 ) [46] . As shown in Fig. S1a Spearman's correlation was carried out to find out relationships between the measured radionuclides and mineralogical properties of the rock samples (Table S5) . It revealed that a significant positive correlation (r > 0.7) exists between radionuclides. It may be concluded that they show the same behavior during partial melting and fractional crystallization of magma [24, 47] . There was no significant positive correlation between radionuclides and Plg, Bio, Mus, Amph, and Carb. However, there was a strong positive correlation between 40 K and Kf (r = 0.661) which can be due to higher concentrations of 40 K, as a major element, in Kf's composition compared with other mentioned minerals [45, 48, 49] . In addition, positive correlations (r > 0.4) were found between Qtz and radionuclides. This confirms that radionuclides are incompatible elements and their concentrations are usually increasing with SiO 2 during fractional crystallization in magma [47, 50] .
Radiological hazard indices of the rock samples
The calculated radiological hazard indices for the rock samples are presented in Table 1 . The maximum values are related to Arud, while the minimum values are related to Noosha rock samples (Table S1 ). The average Ra eq for the rock samples was lower than the maximum allowable value of 370 Bq kg −1 [34] . However, the relatively high values were calculated in Arud which were equal to 340 and 344 Bq kg −1 for R1 and R2, respectively (Fig. 4a, Table S1 ). Also, the average values of H ex and H in were found to be less than unity (permissible level). Nevertheless, the estimated values of H in for R1 and R2 samples were slightly higher than one, both of them were equal to 1.17, indicating the presence of radon and its short-lived progeny hazard effects on the respiratory organs (Fig. 4b ) [36] ; so, it is suggested to limit their use in interior design of buildings. Moreover, the average D in and D out were higher than the worldwide average values (84 nGy h −1 for indoor and 59 nGy h −1 for outdoor) ( Table 1) . Average fractional contribution of ) both are high background radiation areas (HBRAs) covered with volcanic rocks [33] . The average values of AEDE in and AEDE out were higher than the worldwide average values (410 μSv y −1 for indoor and 70 μSv y −1 for outdoor) (Fig. 4c) . However, the average of AEDE in obtained in this work (721 μSv y −1 ) is lower than the limit of 1000 μSv y −1 set by ICRP [39] . Therefore, it can be concluded that health effects due to terrestrial radiation from rock in this study area is insignificant. In addition, ELCR values obtained for rock samples is about two times higher than the world average value (1.16 for indoor and 0.29 for outdoor) (Fig. 4d) . Thus, it can be concluded that long-term exposure to low levels of rock samples radiation can increase overall risk of cancer [51, 52] .
Soil samples
Radionuclides in the soil samples
Statistical description of 226 Ra, 232 Th and 40 K concentrations in the studied soil samples is presented in Table 2 . The activity concentrations of radionuclides in the soil samples ranged from 4 to 24, 284 [40] . As presented in Table S2 , the average ratios of 226 Ra/ 232 Th and 226 Ra/ 40 K in soil samples were higher than the worldwide average, while average ratio of 232 Th /40 K was lower. The average concentration of 226 Ra in the Ramsar soil samples was higher than those in Chaboksar, Tonekabon, and Kelardasht (Table S6 ). The highest concentrations of 226 Ra were observed in S3 and S8, which were collected from Ramsar (Ramsar city) while the lowest was recorded in S15, which was collected from Tonekabon (Fig. 6a) . The average concentration of 226 Ra in Ramsar (4937 Bq kg −1 ) was higher than those of other studies. Furthermore, the average concentrations of 232 Th and 40 K in Kelardasht were higher than those of the others (Table S6 ). The highest values were identified, in turn, in S17 and S18 (Fig. 6b, c) . Geological map of the study area shows that these stations are closed to Akapol granitic body whose weathering may have affected the radioactivity of the corresponding soil structures in this sampling district [53] . On the other hand, the lowest concentrations of 232 Th and 40 K were measured in S15, located in Tonekabon (Fig. 6b,  c ). This soil sample may have been developed from the weathering of limestone and shale of Mobarak Formation (Fig. 1) . However, the average concentration of 232 Th and 40 K in the soil samples were approximately similar to other ) of the study area with other high background radiation areas (HBRAs) [33] areas throughout the world (Table S6 ). As shown in Fig. 6 , generally, the lowest values of radionuclides were associated with soil samples which were produced as the result of weathering of sedimentary and volcanic formations. 232 Th and 40 K concentrations in Ramsar city (S3 to S8) were lower than world's average values. Also, the concentrations of U in S3 and S8 soil samples, with the highest concentrations of 226 Ra, were 1.6 and 0.4 mg kg −1 , respectively. These values are lower than the average upper continental crust value (2.7 mg kg −1 ) [46] . Therefore, it may be concluded that 232 Th, 40 K, and U play an insignificant role in the level of natural radiation in Ramsar city.
Selected physical and chemical properties of the soil samples are presented in Table S7 . Based on USDA figure online) classification system, soil samples showed clay, sandy clayey loam, and sandy loam texture (Fig. S2) . EC ranged from 0.15 to 16 mS cm −1 with a median of 1.50 mS cm −1 . In addition, pH ranged from 6 to 9 with a median of 7, which was slightly acid to strongly alkaline based on Estefan et al. [54] . CaCO 3 and OM contents varied from 0.54 to 37% with a median of 4% and 3 to 16% with a median of 7%, respectively. Meanwhile, CEC ranged from 12 to 69 meq 100 g Th in the Ramsar city soil samples (S3 to S8) were found to be extremely high compared with those obtained at the other sample stations, which may be contributed to existence of radium-bearing carbonate in this area (Fig. S1b) .
According to Spearman's correlation, presented in Table S8 , a strong positive correlation was observed between 40 Ra in soil samples [6] . The radionuclides did not show positive correlation with clay, OM or CEC. It may be concluded that the distribution of radionuclides in the soil samples is not associated with the adsorption on clay minerals and humus contents [5, 55] . However, 226 Ra displayed a significant positive correlation (r > 0.5) with pH, EC, and CaCO 3 . Therefore, the main source of 226 Ra in the studied soil samples is precipitation of calcium carbonate sediments from saline hydrothermal fluids along with substitution of dissolved radium in their structure [9] . Moreover, 232 Th and 40 K positively correlate with sand (r > 0.5), which may confirm that these radionuclides mainly correspond to sand fraction, derived from granitic rocks debris.
Radiological hazard indices of the soil samples
The computed radiological hazard indices for soil the samples are summarized in Table 2 . As shown in the table, the maximum and minimum values were respectively related to the Ramsar and Tonekabon soil samples (Table S1 ). The average Ra eq for the soil samples was higher than the maximum admissible value of 370 Bq kg −1 [34] . However, radiological hazard values higher than 370 were calculated for S3 to S8 (Ramsar city soil samples) which can be due to the high concentration of 226 Ra in them ( Fig. 7a ; Table S2 ). Thus, buildings which are built on these sites should be equipped with an appropriate ventilation system to prevent the occurrence of radon-related lung cancers. On the other hand, the average values of H ex and H in in the study area were more than unity. Their values for all Ramsar city samples were found to be above the desirable limit (> 1) (Fig. 7b) , which is attributable to the high concentrations of gamma rays emitted from them. Furthermore, the average D in and D out were higher than the worldwide average value. The average contribution percentages of 226 Ra, 232 Th and 40 K in total D in were 57, 22, and 21% and in total D out were 56, 23, and 21%, respectively. Hence, 226 Ra plays the most important role in background radiation among the soil samples. The maximum value of D out in the studied soil samples (11,239 nGy h −1 ) is higher than other HBRAs except for a previous studies of Ramsar in Iran (17,000 nGy h −1 ) and Guarapari in Brazil (90,000 nGy h −1 ) [33] (Fig. 5) . Moreover, the average values of AEDE in and AEDE out are higher than the worldwide average value (Fig. 7c) . The average value of AEDE in obtained in this study (11, 601 μSv y −1 ) is higher than the limited value of 1000 μSv y −1 [39] . Also, ELCR value obtained for the soil samples in this study is significantly higher than the world average value (Fig. 7d) . Furthermore, the potential carcinogenic hazard from the gamma radiation doses absorbed by the local people is high.
Conclusion
According to the obtained results, presence and weathering of the sedimentary and volcanic formations do not play an important role in distribution of radionuclides and their associated radiological hazards in the study area. Hence, the high background radiation level is due to two main reasons: (1) the precipitation of 226 Ra-rich hydrothermal carbonates in Ramsar city soil, and (2) the emplacement of radionucliderich granitic bodies. In conclusion, this study proposes the existence of a deep granitic magma chamber below the study area, which acts as the source of 226 Ra in hydrothermal fluids and which is responsible for outcropping of granitic intrusive bodies.
